Experimental studies have been carried out to determine the phase equilibria for the ternary MgO-"FeO"-SiO 2 in equilibrium with metallic iron. Liquidus isotherms have been determined in the temperature range from 1 578 to 1 898K in the silica and pyroxene primary phase fields using high temperature equilibration, modified quenching and electron probe X-ray microanalysis (EPMA) techniques.
Introduction
The slag system MgO-"FeO"-SiO 2 forms the basis of a number of important ceramic, metallurgical and igneous rockforming systems. The only experimental liquidus data for the MgO-"FeO"-SiO 2 system found in the literature are by Bowen and Schairer. 1) Primary phase fields in the MgO-"FeO"-SiO 2 system include the silica (SiO 2 ) polymorphs tridymite and cristobalite, magnesiowüstite (MgO-FeO), olivine (Mg 2 SiO 4 -Fe 2 SiO 4 ) and pyroxene (MgSiO 3 -FeSiO 3 ). No ternary compounds have been observed in this pseudo-ternary system. The liquidus temperatures in this system in equilibrium with metallic iron were measured up to 1 773 K using equilibration/quenching techniques.
1) The liquidus and solid compositions were determined by optical metallography, chemical analysis and X-ray powder diffraction. No liquidus data were obtained for the temperatures higher than 1 773 K since metallic iron envelopes (iron melting point 1 811 K 2) ) were employed in their studies.
1) The phase diagram of the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron redrawn by Muan and Osborn 3) based on Bowen and Schairer's data is shown in Fig. 1 ; the former did not add any new experimental data on this system.
Liquidus and subliquidus experimental data in the MgO-SiO 2 system has been reported by a number of researchers. [4] [5] [6] The principal features of the MgO-SiO 2 system include a region of liquid immiscibility on the silica-rich side, a congruently melting compound forsterite (Mg 2 SiO 4 ) and an incongruently melting compound protoenstite (MgSiO 3 ). The binary eutectic reaction involves the liquidϩMgOϩMg 2 SiO 4 phases, and peritectic reaction involves liquidϩMg 2 SiO 4 ϩMgSiO 3 phases. A recent experimental study 7) has shown that there is no solid solubility of SiO 2 in MgO and has provided new data on the liquidus in the silica primary phase field. Wu et al. 8) have reported a calculated MgO-SiO 2 phase diagram based on optimised thermodynamic models describing the available experimental data. Liquidus and subliquidus equilibria in the "FeO"-SiO 2 system in equilibrium with metallic iron have been systematically investigated by a number of researchers. 4, 9, 10) Congruently melting fayalite (Fe 2 SiO 4 ) was found to be the only binary compound in this system resulting in two eutectic reactions, liquidϩwustiteϩfayalite, and liquidϩ fayaliteϩsilica. Zhao 11) reinvestigated this system and determined the eutectic temperatures to be 1 461Ϯ2 K and 1 462Ϯ2 K respectively. No inflection in the liquidus of wustite primary phase field was observed in this later investigation contrary to earlier findings.
Following assessments of the available thermodynamic and phase equilibrium data the phase diagram of the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron was calculated by Wu et al. 8) using the F*A*C*T thermodynamic computer package. 12) General agreement between the predictions and the data were obtained in the silica primary phase field and the boundary between silica and pyroxene primary phase fields. Critical reevaluation and reoptimisation of the thermodynamic database for the MgO-FeO-Fe 2 O 3 -SiO 2 system have been performed by Degterov et al. 13) using the FactSage program. 12) No direct comparisons between calculations and the available experimental data in the MgO-"FeO"-SiO 2 system were reported in either study. 8, 13) Karlemo and Taskinen 14) predicted the impact of silica on MgO-"FeO"-SiO 2 slag by MTDATA thermodynamic database and program, 15) again no direct comparisons between liquidus data and model predictions were provided.
The objectives of the present study are to provide new experimental liquidus and phase equilibria data in the silica and pyroxene olivine primary phase fields of the MgO-"FeO"-SiO 2 system, to confirm the accuracy of the earlier study by Bowen and Schairer 1) and to extend the investigated range of compositions and temperatures.
Experimental
The experimental procedure used in this investigation has been described in detail in previous publications by the authors. [16] [17] [18] [19] [20] The slag samples were prepared from the following chemicals, obtained from Sigma-Aldrich Pty. Ltd. (Australia): 99ϩ% MgO, 99.9ϩ% SiO 2 , 99.9ϩ% iron powder and 99.98ϩ% Fe 2 O 3 . The chemicals were mixed in an agate mortar to the required compositions. 15 % excess Fe powder (Ͻ10 mm in size) was added to the slag samples to ensure that free metallic iron is always present in and dispersed throughout the slag. About 0.3 g of the mixture was pelletized and placed in molybdenum foil (over 99.9 % Mo, 0.025-mm thick) or iron foil (over 99.9 % Fe, 0.1-mm thick) envelopes. Equilibration experiments were carried out in a vertical lanthanum chromite furnace (PYROX, France) having a recrystallised alumina reaction tube. The furnace temperature was controlled within Ϯ1 K. A B-type Pt/30wt% Rh-Pt/13wt% Rh thermocouple was inserted into the hot zone within the reaction tube. The thermocouple was calibrated against a reference thermocouple supplied by National Measurement Laboratory (CSIRO, Melbourne, Australia). The overall temperature accuracy was estimated to be within Ϯ2 K.
The sample was first placed in a Mo dish suspended by a Mo wire, and positioned in the low temperature zone at the bottom end of the furnace, and the bottom end of the reaction tube was sealed with a thin polymer film. Ultra high purity Argon gas (total impuritiesՅ5 ppm, O 2 Յ1 ppm) was passed through the reaction tube for 30 min to remove air; the sample was then raised into the hot zone adjacent to the thermocouple. The experiments were carried out in two steps. The first step was to completely premelt the sample; heating the slag above the liquidus temperature to ensure the sample is homogeneous. The second step was to equilibrate the sample at the desired temperature. After equilibration the suspension wire was released and the sample quenched directly into stirred bath of cold water. Using this rapid cooling approach the liquid molten oxide phase at the equilibration temperature is retained as a glass of the same composition at room temperature. The solid phases present at the equilibration temperature are also retained in the same crystal structure and compositions by rapid cooling to room temperature.
The quenched samples were mounted and polished for analysis. The polished samples were initially examined using optical microscopy and scanning electron microscopy (SEM) to identify the phases present, and energy dispersive spectra (EDS) analysis were used for qualitative analysis. The compositions of the phases were then measured using a JEOL 8800L electron probe X-ray microanalyser (EPMA) with wavelength dispersive spectrometers (WDS). An accelerating voltage of 15 kV and a probe current of 15 nA were used. Standards supplied by Charles M Taylor Co. Stanford, CA were used in EPMA measurement. A wollastonite (CaSiO 3 ) standard (Caϭ34.50, Siϭ24.18, and Oϭ41.32 wt%) was used for silicon, and a magnesia (MgO) standard (Mgϭ60.31, and Oϭ39.69 wt%) and a hematite (Fe 2 O 3 ) standard (Feϭ69.94 and Oϭ30.06 wt%) for magnesium and iron determination respectively. CaMoO 4 standard (Caϭ20.038, Moϭ47.966, Oϭ31.995 wt%) was used to inspect the Mo in the slag. The Duncumb-Philibert ZAF correction procedure supplied with the JEOL was applied. The average accuracy of the EPMA measurements is within Ϯ1 wt%. X-ray powder diffraction (XRD) analysis was also used in some cases to confirm the phase identification. XRD measurements were carried out in a PHILIPS PW1130 X-ray diffractometer with a graphite monochromator using Cu Ka radiation.
The methodology and approach enabled accurate measurement of the compositions of phases in samples. The melting point of metallic iron is 1 811 K.
2) It is therefore not possible to use iron foil as an envelope to hold the slag samples at higher temperatures. Mo foil (melting point 2 896 K 2) ) and wire were used in these higher temperature studies. It was confirmed by EPMA measurement that there is no molybdenum oxide present in the quenched slag samples. Accurate liquidus isotherms could be constructed from experimental data by carrying out a series of experiments at fixed temperatures.
Results and Discussion

Cristobalite and Tridymite Primary Phase Fields
Nearly one hundred compositions defining liquidus isotherms between 1 623-1 898 K have been determined in the tridymite and cristobalite primary phase fields of the MgO-"FeO"-SiO 2 system. EPMA measurements obtained in this study are presented in Table 1 . Each of the experimental points reported is the average of five or more measurements obtained using EPMA in different positions of Using these experimental data it is now possible to construct the liquidus in the cristobalite and tridymite (SiO 2 ) primary phase fields as presented in Figs. 2 and 3 . Liquidus data along the binary MgO-SiO 2 and "FeO"-SiO 2 systems were taken from Bowen and Andersen 5) and Zhao 11) respectively. Solid lines were drawn according to the best fit to the data obtained in the present experiments. It can be seen from Fig. 2 that the shape of isotherms in the cristobalite and tridymite primary phase fields are similar. The cristobalite/tridymite transition occurs at 1 738 K 21) (see Fig. 2 ). There appears to be no significant change in liquidus on transition between these polymorphs. No solubility of MgO in cristobalite and tridymite phases was found in this investigation while the solubility of "FeO" in cristobalite and tridymite is insignificant and less than 0.9 wt%.
The experimental data at the low MgO concentration in the tridymite and cristobalite primary phase fields are in good agreement with the results reported by Bowen and Schairer 1) up to 1 773 K. It can be seen that three points at 1 773, 1 778 and 1 768 K from Bowen and Schairer's result are close the isotherms of 1773 K determined in present experimental study. Present experimental points at 1 623, 1 673 and 1 723 K (Fig. 3) are consistent with the experimental results from Bowen and Schairer 1) at 1 643, 1 673 and 1 733 K respectively.
Pyroxene Primary Phase Field
Experiments were also carried out to determination the liquidus and phase equilibria in the pyroxene primary phase field and along the boundary line between pyroxene and Fig. 2 . Experimentally determined liquidus isotherms in the cristobalite primary phase field in the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron.
Fig. 3.
Experimentally determined liquidus isotherms in the cristobalite and tridymite primary phase fields of the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron. Crosses represent experimental data points by Bowen and Schairer. 1) cristobalite/tridymite primary phase fields between 1 578-1 798 K. The analysis of the phases observed in these studies as measured using EPMA are given in Table 1 . Figure 4 shows present experimental results. The data from Bowen and Schairer 1) are also presented in Fig. 4 for comparison. It can be seen that the present experimental data at the boundary line between cristobalite/tridymite and pyroxene (1 673, 1 723 and 1 773 K) are in agreement with those from Bowen and Schairer 1) in pyroxene primary phase field (cross point in Fig. 4 at 1 673, 1 703 and 1 768 K) . The temperature of the four phase equilibria SiO 2 -pyroxene-olivineliquid is higher than that reported by Bowen and Schairer 1) since no liquid phase was formed in the sample of this composition equilibrated at 1 578 K ( Table 1 ). The experimentally determined conjugate lines between the liquid and pyroxene phase at various temperatures are shown in Fig. 5. 
Cristobalite/Tridymite Liquidus Temperatures
The liquidus temperatures for the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron in the cristobalite/ tridymite primary phase fields based on experimental data obtained in the present study in specific area are shown in Figs. 6(a) and 6(b) as a function of the concentration of FeO and SiO 2 respectively. It can be seen (Fig. 6(a) ) that with increasing FeO concentration for fixed ratio of SiO 2 /MgO, there is a gradual decrease of liquidus temperature of 10-12 K for each 1 wt% increase in FeO concentration. For a fixed MgO/FeO ratio an increase in SiO 2 concentration leads to an increase in liquidus temperature of approximately 23-35 K for each 1 wt% increase in SiO 2 concentration ( Fig. 6(b) ) depending on the starting composition.
Industrial Applications
The principal components of slags obtained by the smelt- ing slags of laterite ores to produce ferronickel are MgO, "FeO" and SiO 2 22) ; on this simplified basis the approximate slag compositions used in various industrial operations are shown in Fig. 7 . In many cases this pseudo-ternary system has been used as the basis for design of nickel smelting processes.
Assuming the nickel smelter slag is in contact with the Fe-Ni alloy (approximately 42 wt% Ni) at the operating temperatures, the activity of iron in the system is approximately 0.6 relative to the pure liquid iron. 24) As a first approximation the nickel smelting slags may be described in the form of the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron i.e. a Fe ϭ1.
In smelting practice changes in the SiO 2 /MgO ratio in the feed at a particular operating temperature can lead to conditions where the slag is above or below the liquidus. Operating above the liquidus enhances the refractory dissolution. At conditions well below the liquidus the viscosity of the slag increases rapidly. To compensate for these movements in the liquidus the iron oxide concentration of the feed can be adjusted. It is clear from the phase diagram that the system is very sensitive to small changes to SiO 2 /MgO ratio and iron oxide concentration of the feed, hence the need to accurately characterise the liquidus surface as a function of bulk slag composition, temperature and oxygen partial pressure.
It can be seen from Fig. 7 that the liquidus temperatures and phase equilibria in the cristobalite/tridymite and pyroxene primary phase fields described in the present paper are of particular relevance to the slags produced at the Cerro Matoso (2), P. T. Aneka Tambang (4) and Morro de Niquel (3) operations. Subsequent papers in this series will describe the influence of minor elements Al 2 O 3 and Cr 2 O 3 on the liquidus temperatures in these industrially important slag systems.
Conclusions
Liquidus isotherms in the range from 1 578 to 1 898 K in the cristobalite/tridymite and pyroxene primary phase fields of the MgO-"FeO"-SiO 2 system in equilibrium with metallic iron have been accurately determined experimentally.
(1) The new experimental data in the cristobalite primary phase field at temperature higher than 1 773 K and high FeO concentration regions represent conditions not previously investigated in this system. 
